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I 

I am t h r i l l e d  t h a t  t h i s  award should ca r ry  the  name of the g rea t  

Pe ter  Debye. The name, DEBYE, br ings t o  mind a la rge  number of 

b r i l l i a n t  achievements i n  electromagnetic theory, the  s c a t t e r i n g  

of l ight ,  t he  behaviour of s t rong e l e c t r o l y t e s ,  t h e  s t a b i l i t y  of 

c o i i o i d a i  suspensions, and tha farces betyeen b i o l o g i c a l  mlecules, 

H i s  work i s  always thorough and h i s  ideas  a r e  always c l e a r  and 

profound. B e s i d e s  being a wonderful s c i e n t i s t ,  Debye i s  a wonderfully 

n i ce  person and a great teacher .  H i s  tremendous enthusiasm has been 

a source of i n s p i r a t i o n  t o  three generat ions of s c i e n t i s t s .  

On occasions l i k e  t h i s ,  one f e e l s  very humble and inadequate. 

I am i n  no sense b r i l l i a n t ,  j u s t  a hard working guy with  a g rea t  

d e a l  of t enac i ty .  

which I have received from a great many wonderful people. 

I a m  impressed with t h e  deep debt of g r a t i t u d e  which I owe t o  my 

family,  my f r iends ,  my colleagues,  my teachers ,  and my s tudents .  

It is  upon t h e i r  shoulders  t h a t  I have t r i e d  t o  bui ld .  

Whatever success I have had stems from the  he lp  

Indeed, 

Dick Bernstein t o l d  me tha t  I should make t h i s  a very personal  

speech. 

Let us star t  wi th  some of t h e  words of wisdom t h a t  have meant a 

Thus, I w i l l  t ake  the  occasion t o  do a b i t  of philosophizing.  

g r e a t  dea l  t o  me. 

I owe a g rea t  debt  t o  Henry Eyring for having given me a 

s t a r t  on my s c i e n t i f i c  ca ree r .  

remember is:  

The Eyring philosophy I b e s t  
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HENRY EYRING 

"BE NICE TO THE GUYS ON THE WAY UP so THAT THEY 

WILL BE N I C E  TO YOU ON THE WAY DOWN". 

I n  nature,  or complicated systems, t he re  i s  usua l ly  only ONE 

slow s t e p  or bot t leneck which determines i t s  behaviour. 

Always ask yourself ,  how might the  phenomena occur. Make a 

GEDENKS-model. It w i l l  suggest the  proper groupings of v a r i a b l e s  - 
a b i g  help i n  semi-empiricizing. 

"A SCIENTIST'S ACCOMPLISHMENTS ARE EQUAL TO THE 

INTEGRAL OF HIS ABILITY INTEGRATED OVER THE HOURS 

OF H I S  EFFORT". 

To Eyring, every problem i n  nature  can be s tudied t h e o r e t i c a l l y .  

The f i r s t  s t e p  i s  t o  a sk  yourself  what mipht the  s o l u t i o n  look l i k e .  

I th ink  t h a t  E ins t e in  had much the  same viewpoint: 
1 

1. I learned a great d e a l  a b m t  E ins t e in  from h i s  research  a s s i s t a n t ,  
Nathan Rosen. Rosen col laborated with m e  i n  our c a l c u l a t i o n s  
of the energy of H3 and H3+. 
systematizing the  procedure and the  format, I could reduce my 
computational e f f o r t  by a f a c t o r  of ten.  

He showed m e  t h a t  by properly 
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A'iSET E I 3  STE IN 

"IT IS EASY, JUST HARD TO DO!" 

Eins te in  seldom sought d i r e c t  so lu t ions  t o  h i s  equations.  

H i s  f i r s t  quest ion w a s ,  "under what other  condi t ions could these  

equations a r i s e ? "  H e  learned a g r e a t  d e a l  from t h e  way i n  which 

o ther  people had solved these  equations i n  other types of problems. 

"NATURE I S  SIMPLE, I T  IS WE WHO ARE COMPLICATED!" 

Surely it pays t o  spend a considerable amount of t i m e  looking 

a t  your problem from a l l  d i f f e ren t  d i r ec t ions .  

leap! I n  t h i s  case, leaping corresponds t o  committing yourself  

t o  a p a r t i c u l a r  research technique. 

Think before  you 

My f i r s t  research a s  a graduate s tudent  was under t h e  d i r e c t i o n  

of  Edward Condon. From him I learned t h a t  a t heo re t i c i an  should 

have a broad background. 

EDWARD U. CONDON 

A theore t ic ian ' should  be well-versed i n  a w i d e  range of 

The three funct ions of a experimental  techniques and fac ts .  

t h e o r e t i c i a n  a re  : 

1 ) .  

2). 

3). 

Suggest new types of experiments. 

Suggest new i n t e r p r e t a t i o n s  of e x i s t i n g  data .  

Further  develop t h e  theory so t h a t  i t  may become a more 

powerful t o o l  i n  the understanding of nature .  
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A t  the B ik in i  Atom Bomb Tests i n  1946, my t i t l e  was Chief 

Phenomenologist. John Magee and I had the  job of p r e d i c t i n g  a l l  

of t he  d i f f e r e n t  e f f e c t s  of the bomb SO t h a t  t he  experiments could 

be properly set  up. 

s c i e n t i s t  should be t r a ined  as a phenomenologist. 

s tuden t s  t o  ge t  order of magnitude so lu t ions  t o  a r b i t r a r y  quest ions.  

A t y p i c a l  F e r m i  quest ion was "Estimate the  number of r a i l r o a d  

locomotives i n  the  United States".  It  i s  i n t e r e s t i n g  t o  note Fiat  

Chemical Engineers a r e  regarded as the  most f l e x i b l e  and possessing 

the b e s t  background for  Operational Research Analysis , where such 

Enrico Fermi f e l t  very s t rong ly  t h a t  every 

He t r a ined  h i s  

a b i l i t y  i s  required.  

I was ,  indeed, fo r tuna te  t o  be a graduate s tudent  a t  Princeton 

This was during the  F i r s t  Golden Ape of Quantum Chemistry, 1931-6. 

a wonderful period of g rea t  d i scove r i e s  and Princeton w a s  t he  hub. 

It was a period during which many people had high hopes of explaining 

a l l  of the  physical  and chemical p r o p e r t i e s  of ma te r i a l  and, indeed, 

a l l  of n a t u r a l  phenomena i n  terms of t he  bas i c  l a w s  of physics. 

Even such e r u d i t e  p h y s i c i s t s  a s  Dirac, Van Vleck, and London 

concocted simple approximation procedures which they hoped would 

h e l p  t o  explain molecular s t r u c t u r e .  

i n  which theo re t i c i ans  took a f r e s h  look a t  a l l  s o r t s  of n a t u r a l  

phenomena and guessed a t  t h e i r  mechanism. The methods which were 

used i n  those days were crude compared t o  our present  techniques, 

bu t  t h e  men who used them were not a f r a i d  t o  s t i c k  t h e i r  necks 

It w a s  a period of high hopes 
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out. Of cwrse3  the t h e o r e t i c a l  p red ic t ions  served 8 s  challenges 

t o  the experimental s c i e n t i s t s  a d  were e s p e c i a l l y  valuable when 

the theory suggested a c r i t i c a l  experiment. Thus a very s t imula t ing  

r i v a l r y  developed between the experimental and the  t h e o r e t i c a l  men. 

The r e su l t  was an era of exc i t ing  discoveries .  

I n  a n u t s h e l l ,  t he  message which I want t o  convey today i s  

t h a t  for  the l a s t  30 years  t heo re t i ca l  chemists have  been preoccupied 

with developing t h e i r  mathematical techniques - t h a t  is, developing 

molecular quantum mechanics and s t a t i s t i c a l  mechanics on a firm 

a b - i n i t i o  bas i s  r e s u l t i n g  from accepted laws of physics. The 

importance of t h i s  t h e o r e t i c a l  development cannot be overemphasized. 

With the  advent of g ian t  high speed computing machines, new types 

of mathematical methods, and the renewed help of the t h e o r e t i c a l  

p h y s i c i s t s  i t  appears t h a t  within f i v e  t o  ten  years we w i l l  be 

a b l e  t o  make accurate  theo re t i ca l  p red ic t ions  of loost of the 

physical  and chemical proper t ies  of mat ter .  

a change of emphasis. 

Then the re  w i l l  be 

The t h e o r e t i c a l  chemists must  s t a r t  preparing themselves and 

t h e i r  s tudents  r i p h t  now for t h i s  change of emphasis. 

t h e o r e t i c a l  chemists are concentrating on high power mathematics. 

They are a l s o  concentrat ing on very s p e c i f i c  problems and only 

using a narrow range of techniques. 

developing new methods t o  applying e x i s t i n g  methods. 

t h e o r e t i c a l  chemists must have a broad knowledge of experimental 

A t  present ,  

The emphasis w i l l  s h i f t  from 

Then the 
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physics ar,d experimental chen i s t ry  as well as a broad knowledge of 

t heo re t  i c a  1 chemi s t r y  .z id  the  ore t Ec2 1 phys i c s  . 
I n  t h e  development of bas i c  ab- in i t j -o  spproaches t o  molecular 

quantum mechanics and s t a t i s t i c a l  mechanics r i g o r  L s  ti v i r t u e  a3d 

absolutely e s s e n t i a l  i n  order t o  e s t a b l i s h  d e f i n i t i v e  r e s u l t s .  But 

i n  the  appl icat ions of theory t o  the  world around us, t he  theory 

i s  most useful  when i t  i s  s t r e t ched  beyond those things which w e  

know for  sure.  Thus, i t  w i l l  be important t h a t  the t h e o r e t i c i a n s  

of the  fu tu re  no t  - be a f r a i d  t o  s t i c k  t h e i r  necks out and make 

1 1  guestimates" which can serve t o  guide experiments. 

During the  period 1931-6, thanks t a  the  genius of Linus Pauling 

and Henry Eyring, t h e o r e t i c a l  chemists ,d&l t r y  t o  apply t h e i r  meager 

t h e o r e t i c a l  knowledge as f a r  as they could s t r e t c h  i t .  Out of 

t h i s  came many e x c i t i n g  discoveries .  I p r e d i c t  t h a t  the  period 

1970-80 w i l l  resemble t h i s  f i r s t  golden age of quantum chemistry. 

Therefore I w i l l  t e l l  you a l i t t l e  b i t  about t h e  good old days. 

I n  1931 quantum mechanlcs, i n  i t s  present  form, w a s  only a 

few years  old.  No one knew i t s  l i m i t a t i o n s  and important d i scove r i e s  

were made every few months. 

Quantum mechanics was f i r s t  applied t o  problems of atomic 

energy. 

corresponding t o  the  s p l i t t i r , g  of m u l t i p l e t s  was one of t he  f i r s t  

triumphs. 

s p l i t t i n g s  required t h e  evaluat ion of a se t  of r a d i a l  i n t e g r a l s .  

The explanat ion of t he  r e l a t i v e  spacings or the  "flags" 

The de te rmi l a t ion  of t h e  abso lu te  values  of t he  

b 
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Ed Condon set a number of us young graduilte atiidents to w a k  on 

t hese  i n t e g r a l s ,  which subsequently became a p a r t  of Condon and 

%or t ie y ' s f arnous treatise . 
Of course, modern quantum mechanics was designed t o  give the  

c o r r e c t  energy l e v e l s  for  atomic hydrogen. 

who s h e d  t h a t  it a l s o  worked for t h e  two-electron helium atom. 

It was E g i l  Hylleraas  

A t  one t i m e  or other ,  Hylleraas used or  developed almost every 

bas i c  technique which we use i n  quantum mechanics: 

of per turba t ion  and var i a  t iona 1 pr inc  i p  le s , cor r  e l a t  e d  or b i  ta  1s , 
d i f f e r e n t  types 

conf igu ra t iona l  i n t e rac t ion ,  etc.  A l l  of Hylleraas '  ca l cu la t ions  

w e r e  made on a hand-cranked desk c a l c u l a t i n g  machine. 

generat ion of quantum mechanicians had e l e c t r i c  power t o  t u r n  

The next  

t h e  crank. 

The e a r l y  treatment of many-electron atoms was very crude. 

Hartree expressed the  wave function for  an atom as  t h e  product of 

one-electron o r b i t a l s .  These o r b i t a l s  were supposed t o  be the  

so lu t ions  t o  a set of coupled d i f f e r e n t i a l  equat ions which seemed 

hopelessly d i f f i c u l t  t o  solve.  Eventually Hartree was ab le  t o  

obta in  approximate so lu t ions  on a mechanical d i f f e r e n t i a l  analyzer 

which he b u i l t  ou t  of Mechano p a r t s  (You may remember having a 

Mechano toy  when you w e r e  a chi ld) .  
2 

The e a r l y  d i f f e r e n t i a l  analyzers were very i n t e r e s t i n g .  Vannevar 

Bush' f i r s t  model was completely e l e c t r i c a l  using a house-type wat t -  
- - - - -  
2.  V. Bush, J. Frankl in  I n s t .  a, 447 (1931). 



hour meter for  i n t eg ra t ion .  However, he could not reduce the  e r r o r  

i n  the  watt-hour meter t o  less than two per cent  (remember t h i s  when 

you pay your e l e c t r i c  b i l l ) .  

mechanical contrivance.  I used the  analyzer (see Fig.  1) a t  t he  

Moore School of E l e c t r i c a l  Engineering of t he  Universi ty  of 

Pennsylvania3 during the winter of 1938-9. 

was represented by t h e  r o t a t i o n  of a rod f o r t y  f e e t  long r o t a t e d  

Therefore he switched t o  an a l l -  

The independent v a r i a b l e  

by a th ree  horsepower motor. Each of the dependent v a r i a b l e s  was 

represented by t h e  r o t a t i o n  of another long rod which w a s  r i g i d l y  

connected t o  the independent v a r i a b l e  rod by means of gear t r a i n s ,  

"adders", "integraters",  e t c .  i n  accordance with the  c o n s t r a i n t s  of 

t he  mathematical r e l a t i o a s .  Addition and sub t r ac t ion  was accomplished 

by an "adder" which embodied the  p r i n c i p l e s  of t he  d i f f e r e n t i a l  

gears  of an automobile (see Fig.  2 ) :  t he  r o t a t i o n  of t h e  d r i v e  

s h a f t  i s  proport ional  t o  the  sum of t he  r o t a t i o n s  of the  two r e a r  

wheels. Mul t ip l i ca t ion  by a constant  f a c t o r  was e a s i l y  accomplished 

by two intermeshing gears  of d i f f e r e n t  numbers of t ee th ,  b u t  

m u l t i p l i c a t i o n  by a v a r i a b l e  f a c t o r  required i n t e g r a t i o n  by p a r t s .  

The " integrater"  looked l i k e  a phonograph tu rn - t ab le  wi th  t h e  

pickup arm replaced by a s t e e l  d i s c  perpendicular t o  t he  record 

(see Fig.  3 ) .  

of the  dis tance of t h e  d i s c  from the  center  of the record in t eg ra t ed  

The r o t a t i o n  of the  d i s c  w a s  equal  t o  t h e  i n t e g r a l  

- - - - -  
3. I. Travis,  Machine Design, 1, p. 15, J u l y  1935. 
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The differeatid analyzer. 

I 

Fig. 1 The D i f f e r e n t i a l  Analyzer a t  t he  Moore School of E l e c t r i c a l  
Engineering, Universi ty  of Pennsylvania, b u i l t  i n  1935. 
A s imi l a r  machine was constructed fo r  the  B a l l i s t i c s  
Research Laboratory a t  Aberdeen Proving Grounds f o r  the  
U. S. Army. These d i f f e r e n t i a l  ana lyzers  were constructed 
by t h e  C i v i l  Works Administration as p a r t  of Pres ident  
Roosevelt ' s  emergency r e l i e f  program with the  he lp  of 
Professors  Vannebar Bush, S. H. Cald w e l l ,  and L. S. Fros t  
of Massachusetts I n s t i t u t e  of Technology and I rven  Trav i s  
of the  Moore School of E l e c t r i c a l  Engineering. 
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over the  number of r o t a t i o n s  of the record.  

t h a t  t h e  d i sc  rested only l i g h t l y  on the  record and therefore  could 

not  supply much torque without s l ipping.  The torque ampl i f ica t ion  

w a s  accomplished wi th  two s tages  of mechanical ampl i f ica t ion  known 

a s  a double motorized winch (see Fig.  4). This involved a f i s h  

l i n e  i n  the f i r s t  s tage  and a shoe s t r i n g  i n  the second s t a t e  which 

had t o  be p e r f e c t l y  adjusted according t o  t h e  humidity, e tc .  

Computing machines have come a long way during the pas t  30 years! 

A b i g  break-through i n  the app l i ca t ions  of quantum mechanics 

The d i f f i c u l t y  Was 

t o  atomic problems r e su l t ed  from the  development of screening 

cons tan ts  - f i r s t  by Schrodinger i n  1921, then by Pauling, i n  1927, 

and f i n a l l y  by S l a t e r  i n  1931. With the use of S l a t e r  screening 

cons tan ts  it was poss ib le  t o  es t imate  t h e  energy or almost any 

phys ica l  property of an atom. Of course,  the accuracy of these 

predicted values  was not always very good, but the  predicted values  

w e r e  seldom wrong by a s  much as a f a c t o r  of two and they were 

very  useful .  

Wigner deserves the c r e d i t  for  br inging o r d e r  out of chaos 

i n  atomic physics by introducing Group Theory. 

Hamiltonian for  an atom or molecule i s  inva r i an t  with r e spec t  t o  

t h e  interchange of two e lec t rons ,  t he  s p a t i a l  p a r t s  of t h e  wave 

funct ions a r e  bases of i r r educ ib l e  representa t ions  of a f i n i t e  

permutation group. Then, too, t h e  Hamiltonian for an atom is  

inva r i an t  with r e spec t  t o  r o t a t i o n s  of the  coordinate  system. 

Since the  
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Friction Drums 
Simplified diasram of torque amplifm. i .  
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Fig. 4 Schematic diagram showing prirciples of the 
torque amplifier. The friction drums are 
attached by pulleys to an electric motor. 
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r ep resen ta t ions  of the i n f i n f t e  three-dimensional r o t a t i o n  group. 

p a r t  of my doctor ' s  t hes i s ,  I helped Wigner t o  separa te  off the  

r o t a t i o n a l  coordinates  f r m  the e l ec t ron ic ,  v ib ra t iona l ,  and 

r o t a t i o n a l  motions of a molecular system. 

business  - Charles Cmtiss, Felix Adler, and I are s t i l l  t ry ing  to 

separate off these  r o t a t i o n a l  coordinates without ending up wi th  

messy coupled equations,  

much resented by most of t he  phys ic i s t s  and r e f e r r e d  t o  a s  "The group 

pest". 

mathematical language. I remember frequent ly  hearing the  statement 

t h a t  t he re  w a s  nothing you could do with group theory t h a t  you 

could not do without it. However, t h e  group t h e o r e t i c i s t  could 

de r ive  i n  one page what would otherwise r equ i r e  f i f t e e n  pages. 

Thus, t h e  poor phys i c i s t s  and now the  poor chemists must a l l  

l e a r n  t h i s  e legant  b i t  of mathematical formalism. 

A s  

This i s  s t i l l  unfinished 

The introduct ion of group theory w a s  very 

The problem was t h a t  group theory required learning a new 

I n  1927, Burrau calculated the  energy of H2+ and Heitler 

and London treated the  hydrogen molecule. I n  1928, the  Heitler- 

London or valence bond method was applied t o  many e l ec t ron  systems 

and simultaneously Hund and Mulfiken 

the  molecular o r b i t a l  theory. In  1931, S l a t e r  expressed t h e  

wave funct ions of complex molecules i n  t e r m s  of Slater determinants 

made up of l i nea r  combinations of atomic o r b i t a l s .  Thus, t he  

Golden Age w a s  born. 

started t h e  development of 
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The Golden Age was marked by a f e e l i n g  of g rea t  confidence i n  

The keynote was Dirac ' s  being ab le  t o  solve any phys ica l  problem. 

o f t en  quoted statement i n  the preface of h i s  1930 book, "With the  

event of quantum mechanics, a l l  of the  bas i c  phys ica l  laws which 

a r e  required for t he  so lu t ion  of chemical problems a r e  now known". 

The a c t u a l  d i f f i c u l t y  of so lv ing  the  Schrodinger equat ion for  

many e l ec t ron  problems was noL i u i i y  r e a l i z e d .  Even the  c rudes t  

approximations were extremely d i f f i c u l t  t o  t e s t  when a l l  the  

ca l cu la t ions  had t o  be made by desk computers. Thus, naively,  

the young phys ic i s t s  and t h e o r e t i c a l  chemists f e l t  t h a t  they had 

the  world by i t s  t a i l .  It had the  a i r  of a F lo r ida  r e a l  e s t a t e  

boom get-r ich-quick flamboyancy. 

The phys ic i s t s  developed impressive equat ions which were 

supposed t o  represent  t h e  so lu t ions  t o  chemical problems and 

became discouraged because the  chemists found i t  too d i f f i c u l t  t o  

t e s t  them numerically.  I n  con t r a s t ,  the  chemists, such a s  Polanyi, 

Pauling, and Eyring, made whatever a d d i t i o n a l  assumptions were 

requi red  i n  order t o  get  numerical so lu t ions  quickly and e a s i l y .  

The chemists ' approach resembled engineer ing empiricism. They 

invented simple formulae which s u p e r f i c i a l l y  agreed with the  

phys ic i s t s '  t h e o r e t i c a l  r e s u l t s  on the  one hand, and which possessed 

parameters which could be adjusted t o  agree wi th  the  known 

experimental  da t a  on the  other  hand. 

appal led a t  the  way the  chemists mangled h i s  formulae and s t i l l  

London t o l d  m e  t h a t  he was 
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a t tached  h i s  name t o  the  semi-empirical resui i rs .  bT-atever the 

j u s t i f i c a t i o n  of t he  semi-empiricism, i t  gave very reasonable 

r e s u l t s .  

between chemical bonds and the  resonance s t a b i l i t y  of aromatics. 

Eyring and Polanyi 's  14 per cent  coulombic approximation explained 

t h e  a c t i v a t i o n  energy fo r  a large c l a s s  of chemical reac t ions .  

Pauling's notions of hybrid o r b i t a l s  explained the  angles  

I should t e l l  t he  following s t o r y  about Eyring. I n  the  spr ing  

of 1931 Eyring presented a paper a t  t h e  Buffalo meeting of t he  ACS 

i n  which he  claimed t h a t  the  reac t ion  

a c t i v a t i o n  energy s ince  it required the  breaking of two chemical 

bonds. Most people a t  the t i m e  thought t h a t  a homogeneous 'mixture 

of hydrogen and f l u o r i n e  would explode instantaneously.  

Taylor,  however, had been studying the r e a c t i o n  and found t h a t  t h e  

gas  phase r e a c t i o n  w a s  indeed slow, the  f a s t  r e a c t i o n  taktng p lace  

on a surface.  Thus, Hugh Taylor h i red  young Eyring t o  be an 

Ass i s t an t  Professor of Princeton. And, t o  t h i s  day, Taylor has 

had the  greatest confidence i n  Eyring's pred ic t ions .  

H2 -t F had a la rge  2 

Hugh S .  

After  I passed my prelims i n  t h e o r e t i c a l  physics i n  1933, I 

It w a s  a tremendously s t a r t e d  t o  do my t h e s i s  work with Eyring. 

s t imu la t ing  experience.  Eyring was young, vigorous, and even 

a t h l e t i c .  

s tudents  a t  t he  100 yard dash. 

f i v e  or s i x  o 'clock i n  t h e  morning, when he d id  h i s  s e t t i n g  up 

exerc ises ,  u n t i l  he went t o  s leep around midnight. 

He prided himself on being ab le  t o  bea t  h i s  graduate 

Eyring thought about h i s  work from 

He s tudied a l l  
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of the  t h e o r e t i c a l  physics l i t e r a t u r e  and new techniques. He t r i e d  

t o  apply everything he learned t o  the  behaviour of nature .  Missing 

l i nks  i n  h i s  arguments were temporarily f i l l e d  by conjectures .  

Thus, he was prepared t o  a t t a c k  any problem. I n  t h i s  sense he was 

the Compleat s c i e n t i s t .  Each morning he would come t o  work bubbling 

over with new ideas.  Most of h i s  i deas  were wrong and i t  w a s  the  

r e s p o n s i b i l i t y  of h i s  graduate s tuden t s  t o  f ind the  l o g i c a l  e r r o r s  

or the  reasons why the  ideas were not workable. However, t h e r e  

remained 5 t o  10 per cent  of t he  ideas  which were i n h e r e n t l y  

i n t e r e s t i n g  and provided a use fu l  concept of the  gross way i n  which 

the  phenomena occurred. Thus each day we had a very p r a c t i c a l  

demonstration of winnowing and s i f t i n g  of ideas .  The a b i l i t y  t o  

recognize which approaches were bl ind a l l e y s  was most important. 

For a t i m e ,  a l l  of us graduate s tuden t s  were engaged i n  a 

p o t e n t i a l  energy surface fac tory .  We mechanized the  work i n  the  

following manner: I made up a s e t  of s c a l e s  giving the  Morse 

curve energy of diatomic molecules a s  a funct ion of t he  interatomic 

d i s t ance .  These s c a l e s  were glued onto s tee l  rods .  The s t e e l  

rods  were then fastened together  so  t h a t  t h e i r  i n t e r s e c t i o n s  

corresponded t o  a configurat ion of t h e  r e a c t i n g  atoms (see Fig. 5) .  

The sum of t h e  Morse curve energies  on opposite s ides  of the 

q u a d r i l a t e r a l  were c a l l e d  o( and p ; the  sum of the  ene rg ie s  

of t h e  diagonals was c a l l e d  *d . A second gadget (see Fig.  6 )  

cons i s t ing  of s t e e l  r u l e r s  (with two of them constrsin3d t o  a s i x t y  

4 .  J. 0. Hirschfelder ,  J .  Chem. Phys. I 9, 645 (1941). 

4 



I 
. .. .----L----. -. .__ . . 

1 

- 1 

I 
I 
I 

- I  

18 

- 

Fig. 5 Device used t o  simplify the ca l cu la t ion  of po ten t i a l  
energy surfaces.  Here the s t e e l  r u l e s  correspond t o  
a p a r t i c u l a r  atomic configuration occurring i n  the 
r eac t ion  H C l  + BrC- BBr + C l C  . The carbon atom 
is bonded t o  three other atoms which do n o t  en te r  i n t o  
the  react ion.  The scales  on the rods give both the  
interatomic separations i n  Angstroms and the corresponding 
Morse curve energies  f a r  the " d i a t m i c  molecule" i n  
kcal/mole. 
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c Fig. 6 Another device used in  t h e  ca lcu la t ion  of the  p o t e n t i a l  F 
! energy surfaces .  

W. Al tar ,  t h e  angles  betwees the OC and the  
between the 19 
Double sca l e s  a r e  given on the r o d s  so t h a t  one can 

Here, i n  accord with a suggestion of 

F 
read i n  o( , /9 , and & and read out t he  0.14 o(, I 1 

oJ and 

1 f 
and the I a r e  r e s t r i c t e d  t o  60 . 

, and 0.14 & ., The dis tance between the ends e i 

i t I ! 

I 

i 
I 

I 
I 

0*14 of t R e o( and r scales  i s  the required square roo t .  
The p o t e n t i a l  energy fo r  a pa r t i cu la r  atomic configurat ion 
i s  then the sum of fou r  numbers a s  shown on the r u l e r s .  

f 

I 
! 

1 

i t 

I 

! 
! 
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degree angie  with respect i o  a t h i r d )  made i t  p u s s i b i e  t u  read i n  

d ,  (3 , and ‘d and read out  0 . 1 4 H  , 0.14 6 , 0.14f 

and 0.86 ( & 2  + f 2  - oC p - Otd- gv)1’2 . With 

such devices  it was  easy  for  a graduate s tudent  t o  cons t ruc t  a 

p o t e n t i a l  energy sur face  for  a four atom r e a c t i o n  wi th  the 

expendi ture  of one af ternoon’s  work. 

energy surface.  This shows what a hydrogen molecule looks l i k e  t o  

a hydrogen atom. The energy contours show t h a t  i t  i s  much e a s i e r  

f o r  the  hydrogen atom t o  penetrate  deeply i n t o  the  hydrogen 

molecule i f  i t  approaches along the  in te rnuc lear  a x i s  r a t h e r  than 

:8 + 

Fig. 7 i s  my f a v o r i t e  p o t e n t i a l  

perpendicular  t o  i t  . 
A number of i n t e r e s t i n g  p r inc ip l e s  emerged from these  crude 

p o t e n t i a l  energy sur face  ca lcu la t ions  : 

1) .  A t  the  ac t iva t ed  s t a t e ,  t he  separa t ions  between the  atoms 

i s  around f i f t e e n  per cent  greater than t h e i r  separa t ions  i n  normal 

molecules. This  f a c t  led Sherman and Eyring t o  expla in  why the  

atoms on t h e  sur face  of an ac t ive  c a t a l y s t  should have unusually 

l a rge  separa t ions .  

2). The a c t i v a t i o n  energy i s  genera l ly  very  la rge  for  a 

r e a c t i o n  i n  which two chemical bonds are broken. 

p r i n c i p l e  i s  usua l ly  t rue ,  there  may be exceptions.  

Although t h i s  

Many people, including myself, have t r i e d  t o  show e r r o r s  i n  

the  Eyring theory of absolu te  r eac t ion  r a t e .  The r e s u l t s  have 

usua l ly  shown t h a t  t h e  Eyring theory i s  su rp r i s ing ly  accurate .  
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I t h i n k  t h a t  the most important f e a t m e  of t h i s  theory i s  t h a t  it 

d e f i n e s  an entropy, a s  w e l l  as an ecthalpy,  of ac t iva t ion .  Thus 

i t  provides two, instead of one, s ign i f i can t  parameters which may 

be determined from the experimentally observed temperature dependence 

of t h e  rate constant .  I n  b io logica l  reac t ions ,  the  entropy ol: 

a c t i v a t i o n  may p lay  a dominant r o l e .  

of  egg white the entropy of a c t i v a t i o n  is  extremely large and 

pos i t ive .  This tends t o  compensate for  the  140,000 c a l o r i e s  per 

mole a c t i v a t i o n  energy and make the b o i l i n g  of eggs occur a t  a 

very sharp temper a t u r  e. 

For example, i n  the cooking 

Sa much fo r  the philosophizing of an old man. The Golden Age 

r a n  out of steam because the theo re t i ca l  p red ic t ions  were f a r  

beyond the  known experimental  fac ts .  You see, we  were always 

ready and w i l l i n g  t o  add  another ad jus tab le  constant  t o  our equations 

so a s  t o  f i t  some new piece of experimental data .  The theory of 

t h e  Golden Age w a s  an in t e re s t ing  mixture of engineering empiricism 

and bas ic  physics.  

two men: Henry Eyring and Linus Pauling. 

The Golden Age w a s  sparked by the  genius of 

Now l e t  us  jump t o  1966 and take stock of our s i t u a t i o n .  

What i s  the  cur ren t  s t a t u s  of quantum chemistry and where do we go 

from here? 

1). With the use of high speed computing machines and many- 

conf igura t iona l  i n t e rac t ions ,  Chris Wahl and o thers  a r e  c a l c u l a t i n g  

t h e  energy of a l a rge  number of d i a t o n i c  molecules with a prec is ion  



comparable t o  or b e t t e r  than experiment. 

similar ca l cu la t ions  for  t r i a tomic  molecules. Within two years  they 

w i l l  be able t o  make p rec i se  c a l c u l a t i o n s  of the  energy of simple 

organic molecules. These c a l c u l a t i o n s  a r e  very,  very expensive - 
roughly 10,000 t o  20,000 d o l l a r s  for  each p o t e n t i a l  energy curve. 

We can afford sample c a l c u l a t i o n s  o f  every d i f f e r e n t  kind. However, 

we should t r y  t o  squeeze the  most information from each c a l c u l a t i o n .  

Thus, every time a p rec i se  wave funct ion i s  determined, t he  

corresponding f i r s t  and second order dens i ty  matr ices  should a l s o  

be calculated.  

they provide the  e s s e n t i a l  f ea tu re s  of the  e l e c t r o n  d e n s i t y  and 

the  e l ec t ron  co r re l a t ions .  

They are  programmed t o  make 

These dens i ty  matrices a re  easy t o  determine and 

Perturbation theory provides another approach t o  molecular 

quantum mechanics. From pe r tu rba t ion  theory w e  a r e  l ea rn ing  how 

t o  s ta r t  with an approximate wave funct ion and est imate  good values  

fo r  t h e  energy or other physical  p rope r t i e s .  

ca l cu la t ing  accurate  f i r s t  order p rope r t i e s ,  such as d ipo le  moments, 

and accurate second order p rope r t i e s ,  such a s  p o l a r i z a b i l i t y , .  i s  

very important. The dipole  moment i s  very s e n s i t i v e  t o  the wave 

function. From pe r tu rba t ion  theory, Peter Robinson was ab le  t o  

show t h a t  i n  order fo r  t he  wave funct ion t o  y i e ld  a good value for  

a dipole  moment, i t  must s a t i s f y  a p a r t i c u l a r  h y p e r v i r i a l  thecrem 

a s  a cons t r a in t .  Thus we can provide a t h e o r e t i c a l  c o n s t r a i n t  

t n a t  w i l l  i n su re  t h a t  our wave funct ion gives a good value fo r  

The problem of 
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t h e  d ipole  moment. Similar ly ,  w e  need t o  f ind t h e o r e t i c a l  constraints 

which w i l l  insure  our ca l cu la t ion  of accurate  values for many 

d i f f e r e n t  types of phys ica l  p rope r t i e s .  

conten t  u n t i l  we can c a l c u l a t e  good upper and lower bounds so t h a t  

w e  can bracket each of our t h e o r e t i c a l  es t imates  of phys ica l  

p rope r t i e s .  

Indeed, we s h a l l  not  be 

Since the  e a r l i e s t  days of quantum chemistry, it has been hoped 

t h a t  a t  l e a s t  some p a r t s  of the  molecular wave funct ions would be 

interchangeable  a s  one goes from one molecule t o  another.  It now 

appears t h a t  t he  inner o r b i t a l s  a r e  c h a r a c t e r i s t i c  of the  atomic 

s p e c i e s  and t h e  outer  o r b i t a l s  a r e  c h a r a c t e r i s t i c  of the  valence 

state of the chemical bond. 

bonds i s  ev ident  from t h e  geminal c a l c u l a t i o n s  of Shul l .  Simple 

r e g u l a r i t i e s  i n  the  e l e c t r o n  d e n s i t i e s  i n  atoms and molecules have 

been observed by Clementi, Allen, Sinanoglu, and others .  Thus w e  

have reason t o  hope t h a t  i t  w i l l  be poss ib le  t o  use t h e  p rec i se  

mathematical c a l c u l a t i o n s  a s  our guide i n  developing a very 

soph i s t i ca t ed  s o r t  of semi-empiricism which w i l l  enable the high 

speed computing machines t o  quickly and e a s i l y  obta in  accura te  

so lu t ions  t o  t h e  s teady  s t a t e  Schrodinger equat ion fo r  an a r b i t r a r y  

molecular aggregate.  

The bas i c  s ign i f i cance  of t he  chemical 

2). One of t he  f i r s t  app l i ca t ions  of these  molecular energ ies  

w i l l  be the  la rge  sca l e  ca l cu la t ions  of p o t e n t i a l  energy sur faces .  

Once we can cons t ruc t  p o t e n t i a l  energy sur faces ,  we can once more 
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p r e d i c t  chemical r e a c t i o n  r a t e s  - t h e  bread-and-butter problem of 

chemistry. The problem of cons t ruc t ing  accurate  energy su r faces  

may n o t  be so  d i f f i c u l t  as  we might suppose. 

Cashion and Dudley Herschbach5 used the  old H e i t  ler -London f i r s t  

order per turbat ion formulae t o  c a l c u l a t e  t h e  p o t e n t i a l  energy 

I n  1964, Kenneth 

su r face  for the  H + H2 r eac t ion .  Here, t he  coulombic energy of 

a diatomic hydrogen molecule a t  an interatomic sepa ra t ion  i s  Rab 

and the exchange energy i s  

The energy of t he  t h r e e  atom system i s  then 

Eabc + Jb c + Jac 

You remember t h a t  Eyring and Polanyi used the  same formulae i n  1931. 

The d i f f e rence  i s  t h a t  Cashion and Herschbach used the  Kolos and 

Roothaan and Dalgarno and Lynn7 accura t e ly  ca l cu la t ed  values  of 

5. J. K+ Cashion and D. R. Herschbach, J. Chem. Phys. lo, 2358 

6.  W. Ko los  and C. C. J. Roothaan, Rev, Mod. Phys. z, 219 (1960). 

7.  A .  Dalgarno and N .  Lynn, Proc. Phys. SOC. (London) && 821 (1956),  

6 

- - - - -  
and f+l, 2199 (1964). 
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t h e  s i n g l e t  and t r i p l e t  sigma B l a t d c  iiio1eci;lar enygrgfes, 

and 

singlet s i p  energy and t h e  fourteen per cent  coulombic approximation. 

'E(R . )  
' -ab 

), whereas Eyring and Polanyi used Morse curves for the  3E(R ab 

The Cashion and Herschbach energy surface leads t o  an energy of 

a c t i v a t i o n  wi th in  one kcal/mole of the  experimental value. 

Vanderslice and Mason have used the  same s o r t  of treatnrent t o  

c a l c u l a t e  the  in t e rac t ions  between oxygen atoms and ni t rogen 

molecules, e t c .  Apparently t h i s  type of approximation i s  good 

and should be explored fur ther .  

3). Molecular beams provide a much m o r e  p rec ise  way of 

s tudying molecular c o l l i s i o n  processes than do r e a c t i o n  

As you probably know, t h e  c o l l i s i o n  c ross -sec t ions  as a function 

r a t e s .  

of energy a r e  e s s e n t i a l l y  t h e  Laplace transdorms of the r e a c t i o n  

r a t e  constant  a s  a function of temperature.8 

Bernstein and o thers  a r e  able  t o  study co l l i s ionso f  molecules i n  

Currently,  Ltick 

s p e c i f i c  e l ec t ron ic  , vibra t iona l ,  and r o t a t i o n a l  s t a t e s  and observe 

the  quantum s t a t e s  of the product molecules a s  functions of 

s c a t t e r i n g  angles  and t r a n s l a t i o n a l  energy. The prec is ion  of the 

experimental  da ta  is so grea t  t h a t  quantum mechanical i n t e r f e rence  

e f f e c t s  p lay  an important r o l e  i n  the  observed cross-sect ions.  

A s  a f i r s t  s t e p  i n  explaining molecular beam behaviour, one 

might use the Born-Oppenheimer separat ion of e l e c t r o n i c  and 

nuclear motions and construct  a p o t e n t i a l  energy surface.  As 

a second s t e p  one might e i the r  ca l cu la t e  a manifold of c l a s s i c a l  

8. M. A. Eliason and J. 0. Hirschfelder, J. Chem. phys. 30, 
- - - - -  

1426 (1959). 



t r a j e c t o r i e s  a l a  Karplus or Marcus and determine the  semi -c l a s s i ca l  

c o l l i s i o n  cross-sect ions;or  one might r ep resen t  t he  molecular beam 

by a steady s t a t e  wave packet moving ac ross  the  p o t e n t i a l  energy 

surface,  a technique which Eugene Wigner taught m e  i n  1937. A t  the 

present  t i m e  we have not estimated the  magnitude of t he  e r r o r s  which 

r e s u l t  from using the  Born-Oppenheimer sepa ra t ion  approximation. I 

th ink  t h a t  t he  Born-Oppenheimer approximation i s  s a t i s f a c t o r y  i f  t h e  

c o l l i s i o n s  are t r u l y  ad iaba t i c  i n  t h e  Ehrenfest  sense. I f , o n  the  

other  hand, the  c o l l i s i o n s  a r e  f requent ly  non-adiabatic i n  t h e  sense 

of jumping from one p o t e n t i a l  energy su r face  t o  the o ther ,  then the  

Born-Oppenheimer approximation i s  not s a t i s f a c t o r y .  My guess i s  

t h a t  most pract ical  chemical r e a c t i o n s  occur i n  the  non-adiabatic 

fashion. Thus, i t  w i l l  be necessary fo r  us t o  solve the  f u l l  t i m e -  

dependent Schrodinger equation including both t h e  e l e c t r o n i c  & 

nuclear coordinates.  This i s  an extremely d i f f i c u l t  job. I doubt 

t h a t  t h i s  type of s o l u t i o n  w i l l  be forthcoming for  many-electron 

problems f o r  another f i v e  t o  e i g h t  years .  

time-dependent Schrodinger equation i s  d e f i n i t e l y  required i n  

cons i d  er ing e lec  tr  on- tr ans fer r eac t ions  . 

Solut ion of t h e  f u l l  

4 )  Much of the present  experimental da t a  being obtained by 

physical  chemists i s  very p rec i se  and soph i s t i ca t ed :  nuclear 

magnetic resonance, e l e c t r o n  sp in  resonance, laser o p t i c s ,  micro- 

wave l i n e  shapes, e t c .  These experiments r e q u i r e  a much higher 

degree of t h e o r e t i c a l  precis ion.  Indeed, they r equ i r e  t h e  s o l u t i o n  

. 
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of quantum electrodynamic equations which a r e  f a r  more d i f f i c u l t  than 

the  Schrodinger equation. 

t o  t h e  f i r s t  app rox imt ion  it su f f i ces  t o  use the  S r e i t - P a u l i  

Hamiltonian, which i s  the  Schrodinger equation with a set of 

r e l a t i v i s t i c - m a g n e t i c  c o r r e c t i o n  terms tacked on. However, for  

second order e f f e c t s  such as f ine  s t r u c t u r e  or l i n e  i n t e n s i t i e s ,  

using the  Brei t -Paul i  Hamiltonian does not  correspond t o  consider ing 

a l l  of the  per t inent  Feynman diagrams. I n  laser opt ics ,  the  l i g h t  

i s  so in tense  t h a t  as many as f ive  quantum t r a n s i t i o n s  occur 

p r a c t i c a l l y  simultaneously - t h i s  corresponds t o  t h e  two quantum 

t r a n s i t i o n s  which charac te r ize  t h e  Raman spectra .  

such Auger e f f e c t s  one needs quantum electrodynamics. Thus, as 

B r i g h t  Wilson s a i d ,  "It is no longer s u f f i c i e n t  t o  teach our 

s tudents  how t o  solve the Schrodinner equation, they must also know 

quan t urn e l ec  tr odvnamic s " . 

In  considering nuclear magnetic resonance 

To consider 

5). During my l i t t l e  lec ture  I have concentrated on d iscuss ing  

quantum mechanics. 

and e l e c t r i c i t y  and magnetism a r e  equal ly  important. 

s t a t i s t i c a l  mechanics we learn the behaviour of macroscopic systems: 

thermodynamics, equations of state, t ranspor t  p roper t ies ,  e t c .  

Except for  d i l u t e  gases, the  molecules which we consider i n  the  

laboratory are not  i so l a t ed ,  they are surrounded by i n t e r a c t i n g  

neighbors. 

forces ,  we must consider three-body, four-body, etc. i n t e rac t ions .  

However, i t  is c l e a r  t h a t  s t a t i s t i c a l  mechanics 

From 

Thus, after w e  l earn  t o  cope with two-body intermolecular 



I n  a plasma, s t rong e l e c t r o l y t e s ,  or i on ic  c r y s t a l s ,  long range 

forces  between a very la rge  number of ions i s  important. 

quantum chemist i s  required t o  l e a r n  the  techniques of s o l i d  s t a t e  

physics and the  many-body problem. 

Thus, t he  

Up t o  now quantum chemists have been pre-occupied with t r y i n g  

t o  exp la in  t h e  s t r u c t u r e  and p rope r t i e s  of simple molecules. 

soon a s  they have simple molecules under con t ro l ,  they w i l l  have t o  

l e a r n  the  t r i c k s  of t h e i r  phys i c i s t  f r i ends .  Three-body fo rces  

determine the  face-centered cubic packing of noble gas c r y s t a l s .  

They most l i k e l y  determine t h e  shapes of many high polymers. It 

i s  well-known t h a t  c r y s t a l s  of aromatic substances have very 

i n t e r e s t i n g  o p t i c a l  and physical  p rope r t i e s .  Indeed, some of our 

chemist f r i ends  a r e  a l r eady  studying these "exciton" e f f e c t s  which 

form an important c l a s s  of many-body i n t e r a c t i o n s .  

t e l l s  m e  t h a t  t r a n s i s t o r s ,  pho toe lec t r i c  c e l l s ,  e t c .  o f f e r  a very 

i n t e r e s t i n g  challenge t o  chemists and involve t h e  same s o r t  of 

considerat ions which occur i n  s t rong  e l e c t r o l y t e s  - an i n t e r e s t i n g  

mixture of s t a t i s t i c a l  mechanics, e l e c t r i c i t y  and magnetism, and 

quantum mechanics. 

phys i ca l  and chemical p r o p e r t i e s  of su r f aces  including su r  face 

c a t a l y s i s .  

of impuri t ies  and on the  d e t a i l e d  h i s t o r y  of i t s  preparat ion which 

determines t h e  metastable  configurat ion o f  atoms on i t s  sur face .  

We are  s t i l l  puzzled over t he  s t rong  c o r r e l a t i o n  between paramagnetism 

A s  

Howard Reiss 

Sol id  s t a t e  chemistry i s  needed t o  expla in  the  

The a c t i v i t y  of a c a t a l y s t  depends s t rong ly  on t r a c e s  



of a sur face  and i t s  c a t a l y t i c  a c t i v i t y .  The growth of c r y s t a l s  and 

t h e  theory of nuc lea t ion  a r e  other avenues fo r  t h e o r e t i c a l  research.  

6 ) .  Perhaps the  most important usage of quantum chemistry w i l l  

be i n  p red ic t ing  the  behaviours of materials under extreme condi t ions  

cf teqerature,  yressurej and electromagnetic f i e l d s .  Chemical 

r e a c t i o n s  i n  e l e c t r i c a l  discharges a r e  extremely i n t e r e s t i n g  and 

provide a real  chal lenge t o  a theore t ic ian .  

t h a t  quantum chemistry i s  very usefu l  i n  explaining radio-chemical 

phenomena. 

chemistry of the  upper atmosphere. 

i n  flames, the  exc i t ed  states of molecules occur i n  la rge  numbers. 

Theore t i ca l  chemists are needed t o  p r e d i c t  t he  physical  and chemical 

p r o p e r t i e s  of exc i ted  s t a t e  molecules since there is very l i t t l e  

experimental  da ta  t o  serve  a s  a guide. 

of extremely high pressures  - making diamonds, polymerizing s i m p l e  

molecules, etc.,  where quantum mechanics should he lp  i n  p red ic t ing  

t h e  optimum condi t ions.  

John Magee has  shown 

Bates and Dalgarno have appi led quantum chemistry t o  the  

I n  p a r t i a l l y  ionized plasmas and 

Then, t he re  is  the  chemistry 

. . . . .  

I f  t i m e  permit ted I could keep r a t t l i n g - o f f  a d d i t i o n a l  areas 

The po in t s  which I have where quantum chemistry w i l l  be appl ied .  

wanted t o  stress are: 

1). Thanks t o  high speed computing machines and new 

techniques,  quantum chemistry i s  making very, very  r ap id  progress.  

30 



31 

2 ) .  When quantum chemistry matures, i t  w i l l  be appl icable  t o  

many types of experimental problems. 

3 ) .  In order t o  prepare your s tudents  for  t h i s  new Golden Age 

which i s  coming, give them a broad experimental  and t h e o r e t i c a l  

background . 
4 ) .  And f ina l ly ,  l e t ' s  s top  being cyn ica l  conservat ives  a f r a i d  

t o  s t i c k  our necks out .  Let's have the  fun of p red ic t ing  use fu l  

and c r i t i c a l  experiments, even i f  now and then w e  make a mistake. 
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FIGURE CAPTIONS 

Fig. 1 The D i f f e r e n t i a l  Analyzer a t  the Moore School of E l e c t r i c a l  

Engineering, Universi ty  of Pennsylvania, b u i l t  i n  1935. 

similar machine w a s  constructed for the  B a l l i s t i c s  Research 

Laboratory a t  Aberdeen Proving Grounds for  t he  U. S. Army. 

These d i f f e r e n t i a l  analyzers w e r e  constructed by the C i v i l  

Works Administration as p a r t  of President  Roosevelt ' s  

emergency r e l i e f  program with the help of Professors  Vannebar 

Bush, S. H. C a l d w e l l ,  and L. S. Fros t  of Massachusetts 

I n s t i t u t e  of Technology and Irven Travis  of the  Moore School 

of E l e c t r i c a l  Engineering. 

A 

Fig.  2 Schematic diagram showing t h e  p r i n c i p l e s  of an "adder". 

Shafts D and E are "idlers" which a r e  f r e e  t o  r o t a t e  and 

have no e x t e r n a l  connections. The four pinion gears i n  the  

center  of the d iag ram are always engaged. 

two s h a f t s  A and B are r o t a t e d  by eA and 6 respec t ive ly ,  

Thus, when the  

B 
the  housing C i s  constrained t o  r o t a t e  by ec = (eA + eg) /2  . 

Fig. 3 Schematic diagram showing the  p r i n c i p l e s  of the "integrater".  

I f  the t u r n t a b l e  i s  ro ta ted  through an angle x and the  d i s k  

i s  moved i n  and out s o  t h a t  t he  poin t  of contact  of the  d i s k  

i s  a t  the var iab le  dis tance y 

turn tab le ,  then the  disk i s  constrained t o  r o t a t e  through 

an angle z where z = a j y  dx. Here a i s  the r e c i p r o c a l  

of the  r a d i u s  of the disc, an instrumental  constant.  

from the  center  of t he  



FtGURE CAPTIONS (cont ' d )  

F ig .  4 Schematih; diagram shoxing p r i n c i p l e s  of t he  torque amplif ier .  

The f r i c t i o n  drums a r e  a t tached by pul leys  t o  an e l ec t r i c  

motor. 

Fig. 5 Device used  t o  s implify the calculation of p o t e n t i a l  energy 

surfaces.  Here t h e  s t e e l  r u l e s  correspond t o  a p a r t i c u l a r  

a tomic  configurat ion occurring i n  the  r e a c t i o n  

HC1 + B r C  4 HBr + C1C . 
three other atoms which do no t  en te r  i n t o  t h e  r eac t ion .  The 

sca l e s  on the  rods give both the  interatomic separat ions i n  

Angstroms and the  corresponding Morse curve energies  fo r  t he  

"diatomic molecule" i n  kcal/mole. 

The carbon atom i s  bonded t o  

Fig. 6 Another device used i n  the  c a l c u l a t i o n  of t he  p o t e n t i a l  

energy surfaces .  Here, i n  accord with a suggestion of 

W. A l t a r ,  t h e  angles between the  o( and the  (3 > and 

between the  4 and the  3 are  r e s t r i c t e d  t o  60'. Double 

sca les  are given on the  rods so t h a t  one can read i n  o( , 
(3 , and 8 and read out t h e  0.14d , 0.14 f , 

and 0.14 ?f . The d i s t ance  between the  ends of t he  o( 

and % s c a l e s  i s  t h e  required square roo t .  The p o t e n t i a l  

energy for  a p a r t i c u l a r  atomic configurat ion i s  then the  

sum of four numbers as shown on the  r u l e r s .  

Fig. 7 Poten t i a l  energy contours corresponding t o  a hydrogen atom 

approaching a hydrogen molecule. 
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